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Abstract  
With the rapid development of economy and accelerated pace of urbanization in China, the trip share of private cars has been 
increasing continually. This study investigates the optimal mode-split for a developing megacity and optimizes the weighted 
generalized travel cost per capita for one trip on an urban transport network. The main urban area of Beijing is taken as the study 
area of this research and the revealed preference survey method is utilized to get the trip survey data. Based on a nest-logit model, 
an optimization model is developed for the minimal weighted generalized travel cost per capita for one trip. The phase estimation 
method with the Newton-Raphson algorithm and the genetic algorithm are used to solve the optimization model. In addition, 
different cases are studied to assess the effect of different transport policies for the improvement of urban transport in Beijing. 
These policies are concerned with parking fee, taxi average fare, bus priority and rail transfer time. It is found that the bus 
priority policy for reducing the in-vehicle time of a bus trip has the greatest weighted generalized travel cost per capita for one 
trip in Beijing. Moreover, successful rail transfer time reduction is more beneficial to travellers in comparison to the effect of 
increasing parking fees of private cars or increasing the average fare of taxi utilization. In the future research, more 
comprehensive policy packages are worthy of studies in a further.  
 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of Beijing Jiaotong University (BJU), Systems Engineering Society of China (SESC). 
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1. Introduction  
With the rapid development of economy and urbanization, private car gains its popularity in China. However, it 
also leads to traffic congestion and waste of resources. In order to solve such problems, a lot of studies have been 
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made from economic perspectives. Many studies trying to maximize social welfare (see, e.g. Qin and Jia, 2013; 
Romilly, 2004; Basso et al., 2011; Jara-Díaz et al., 2008; Lu et al., 2011; Ferrari, 2002; Chu et al., 2012; Jansson et 
al., 2008). Moreover, much attention has also been attached to generalized travel cost (see, e.g. Tirachini et al., 2010; 
Chang and Chu, 2005). This research newly develops an optimization model with the objective of minimising the 
weighted generalized travel cost per capita for one trip to explore the optimal management policies for the 
operations of different urban travel modes. The main urban area of Beijing is taken here as the study area of this 
research. The following sections of this paper are organised as follows. In section 2, the study area and the survey 
data are introduced. Section 3 explains the proposed optimization model. In section 4, different cases are analyzed to 
assess the effect of different policies. Finally, Section 5 shows the research conclusions.  
2. Study area and survey data 
As one of the representative megacities in the world, Beijing is developing rapidly in economy and urbanization. 
The population in Beijing has increased to 20.19 million in 2011. The ratio of car trips in 2011 is 33.00%. Moreover, 
the percentage of public transport trips is 42.00% in 2011. Specifically, the shares of rail and bus transports are only 
respectively 13.8% and 28.2% (BTRC, 2011). There are 486 congested road links whose total length is about 199.00 
km during peak-hour in Beijing in 2011 and the annual congestion duration is around 70 minutes (BTRC, 2011).  
This study investigates the main urban area of Beijing. According to the trip survey data, the average travel time, 
travel cost, and so on for each travel mode are explained in Table 1.  
           Table 1. Average travel time, travel cost, and so on. for each travel mode 
Travel 
mode 
Fuel charge  
(CNY) 
Parking fee 
(CNY) 
Travel time 
(minutes) 
Waiting 
time 
(minutes) 
Fare 
(CNY) 
in-vehicle 
time 
(minutes) 
Fare 
(CNY) 
Transfer and 
waiting time 
(minutes) 
car 36.3700 6.0000 38.0000 - - - - - 
taxi - - - 3.0000 32.0000 40.5900 - - 
bus - - - - - 62.1000 0.9500 14.3700 
rail - - - - - 60.5000 2.0000 8.0000 
3. The model 
3.1.  Model Establishment  
Four travel modes are considered in this research. They are car, taxi, bus and rail. A nest-logit (NL) model is used 
to analyze the trip shares of different travel modes. The hierarchical process of the NL model is shown in Fig. 1.  
 
Fig. 1. Structure of the proposed nest-logit model 
The generalised travel cost (GTC) defined by Ci, where i = {1, 2, 3, 4} representing car, taxi, bus and rail in turn, 
is explained by the sum of money and time costs, as respectively described by Eqs. (1a), (1b), (1c) and (1d).  αk, βk 
and θk (k=1, 2, 3) are the parameters. 
 
1 0 1 2 3car car carC G PA TT T T T  u  u  u ,          (1a) 
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2 0 1 2 3taxi taxi taxiC WT PR TE E E E  u  u  u ,         (1b) 
 
3 0 1 2 3bus bus busC PR Tr TD D D E  u  u  u ,          (1c) 
 
4 0 1 2 3rail rail railC PR Tr TD D D E  u  u  u .         (1d) 
 
The GTC per capita of car consists of fuel charge (i.e. Gcar), parking fee (i.e. PAcar) and travel time (i.e. Tcar). The 
GTC per capita of taxi includes waiting time (i.e. WTtaxi), fare (i.e. PRtaxi) and in-vehicle time (i.e. Ttaxi). For a bus 
traveller, fare (i.e. PRbus), transfer and waiting time (i.e. Trbus) and in-vehicle time (i.e. Tbus) are considered as the 
GTC per capita. The GTC of a rail traveller contains fare (i.e. PRrail), transfer and waiting time (i.e. Trrail) and in-
vehicle time (i.e. Trail). Trip shares of different travel modes are explained by Eqs. (2a), (2b), (2c) and (2d).  
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where 0iC , PAi is devoted to the mode-share of i mode, i={1, 2, 3, 4}, PA is the mode-share of dummy choice A, 
and Pi|A is the probability to choose mode i based on selected dummy mode A. CA is the expected generalised travel 
cost of the dummy choice, and λ* is the parameter.  As interpreted by Eq. (3), the minimal GTC is explored.  
 
¦ u 
i
Aii PCMinZ            (3) 
 
where Z is the optimal weighted GTC per capita for one trip.  
3.2. Model Estimation 
Given the tree structure of the nested-logit model utilized in this research, each bifurcation can be regarded as an 
independent binary-nomial logit model estimated with Newton-Raphson (N-R) algorithm (see, e.g. Gao and Xu, 
2007). Fig. 2 indicates the procedure of parameter estimation.  
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Determine the maximum likelihood function
Calibrate parameters α of the independent BL model of Level 1
by N-R algorithm, and t value
According toα*, calibrate CA in level 1
Calibrate parameters β of the independent BL model of Level 2
by N-R algorithm, and t value
According toβ*, calibrate CA in level 2
Calibrate parameters θ of the independent BL model of Level 3
by N-R algorithm, and t value
Calibrate other statistic variable  
Fig. 2. the procedure of parameter estimation 
 
Parameters of each level are calibrated, where t values are larger than t0 value with the reliability of 0.9500. 
Moreover, ρ2 is 0.2433 and adjusted ρ2 is 0.2343. *1O and *2O  are 0.8195 and 0.8451. And a traveller’s GTC of using i 
mode is as follows:  
 
carcarcarcar TPAGC uuu 0501.00237.00384.04165.2 ,   (4a) 
 
taxitaxitaxitaxi TPRWTC uuu 0513.00487.01607.00477.4 ,   (4b) 
 
busbusbusbus TTrPRC uuu 0513.00995.01703.3 ,    (4c) 
 
railrailrailrail TTrPRC uuu 0513.00995.01703.33538.2 .   (4d) 
3.3. Solution Algorithm 
In general, it would be difficult to solve Eq. (3) according to gradient-based algorithms (Meng and Liu, 2012) or 
direct search algorithms (Tirachini et al., 2010) because of the existence of constraint and the complexity of a 
nonlinear optimization model. Therefore, we utilize the genetic algorithm (GA) for solving the proposed 
optimization model. Moreover, the global convergence is taken as the indicator to judge the performance of GA.  
The procedures of the GA are as followed. 
Step 1: (Initial population).Binary encoding is used. Set population size to be n, and predefine the crossover rate 
and mutation rate. Randomly generate initial population. Let the initial iterations m=1; 
Step 2: (Selection). According to the selection probability of an individual i, copy the individual’s in order to add 
existing excellent individuals to the new group, and delete inferior individuals; 
Step 3: (Crossover). Based on the crossover rate, pc, firstly generate a random number compared with pc. If the 
random number is smaller than pc, randomly generate two parent individuals crossover point; otherwise, it will be 
crossed, and directly returns to the parent. 
Step 4: (Mutation). Randomly generate a number ranging from 0 to1 to compare with the mutation rate, pm. If it 
is less than pm, the genetic in the mutation point will be reversed. Then we will get a new individual and fitness 
value. 
Step 5: (Stop test). Stop criterion is that whether iterations are more than the maximum number of iterations or 
not. If a stop criterion is meet, then stop; otherwise, let m=m+1 and go to Step 2. 
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4. Case study  
In this section, different policies are implemented to adjust the car parking fee and the taxi average fare, 
accomplish bus priority policy and reduce the rail transfer waiting time respectively. According to the afore-
interpreted method, the GTCs of car, taxi, bus and rail modes are 5.8591, 8.1705, 7.5759 and 7.7801 respectively, 
which are corresponding to the trip shares of 0.3300, 0.0900, 0.3200 and 0.2600. Finally, Eq. 3 suggests the current 
weighted GTC per capita for one trip is 7.1159.  
4.1. Case1: The car parking fee optimization 
As explained by Eq. (5a), the parking fee is optimized here for the minimal weighted GTC. A reasonable trip 
share of car is between 0.0000 and 0.3000 (Wang et al., 2006). Moreover, the impact of changes in trip shares on the 
on-ground mode travel time is also considered by Eq. (5c) (Liu et al., 2009).  
     
[ 3.8132 0.0237 (6.0000 ) 0.0501 ] ( 6.0882 0.0513 )
( 4.3902 0.0513 ) 7.7801
PA
car car car taxi taxi
bus bus rail
T P T P
Z Min
T P P
G  u   u u    u u    u u  u    (5a) 
s.t.  
                3000.00000.0  carP      (5b) 
 
iTba
i eeP
u u 1         (5c) 
where, PAcarG is devoted to adjustment of parking fee. Parameter a is -52.6049 and parameter b is 1.3124, both 
calculated by the trial method. 
The GA interpreted in Section 3.3 is used here to calculate the optimal solution. The convergence of GA is 
implied in Fig. 3, and the best fitness value is 7.0872. The results calculated by Eq. (4) are implied in Table 2. It is 
shown that when the parking fee increases to 16.4931 CNY, the optimal weighted cost is 7.0872.   
 
 (a)                                                                           (b) 
Fig. 3. (a) Best value and mean value of fitness; (b) Average distance between individuals 
 
          Table 2. Comparison of the current situation and results for optimizing parking fee 
Transportation Mode Car 
(Before/After) 
Taxi 
(Before/After) 
Bus 
(Before/After) 
Rail 
(Before/After) 
PAcar 6.0000/16.4931 - - - 
Mode share 0.3300/ 0.2819 0.0900/ 0.0925 0.3200/0.3645 0.2600/0.2611 
Generalized  travel cost per capita for one trip 5.8591/ 6.0951 8.1705/ 7.7554 7.5759/ 7.2423 7.7801/7.7801 
The weighted GTC per capita for one trip 7.1159/7.0872 
4.2. Case2: The taxi average fare optimization 
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As interpreted by Eq. (6a), the average fare for a taxi trip is optimized to minimize the weighted GTC with the 
constrain of a reasonable taxi empty-loaded rate ranging from 30.0000% to 40.0000% (Chang et al., 2007).  
railbustaxi
PR
car PPPPMinZ taxi uuuuu 7801.75759.7)]0000.32(0487.06121.6[8591.5 G   (6a) 
S.t.     
                                     4000.0
)(
-13000.0 uuu
uuuu 
VyTNA
DPtPopx
C taxi                                         (6b) 
where, PRtaxiG is devoted to adjustment of taxi average fare. N is devoted to the amount of taxis, Pop is the population, 
t is the daily trip rate of a traveler, and D is the average trip distance with 
m
MPRSD taxi 0 . M0 and m are the 
fixed fare and variable fare according to trip distance, and S is the start mileage of a taxi trip. A is the average loaded 
number of taxi passenger, C is empty-loaded rate of a taxi, and V is the average speed. x and y imply the percentage 
of trips by taxi to the total ones during (yT) hours. 
Fig. 4 demonstrates that GA adopted here has a good global convergence, and the best fitness value is around 
7.1040. It is found that the optimal weighted GTC per capita for one trip is 7.1038 with the optimal taxi average fare 
of 36.2500 CNY.  
   
 (a)                                                                                    (b) 
Fig. 4. (a) Best value and mean value of fitness; (b) Average distance between individuals 
 
          Table 3. Comparison of the current situation and results for optimizing the taxi average fare 
Transportation Mode  Car 
(Before/After) 
Taxi 
(Before/After) 
Bus 
(Before/After) 
Rail 
(Before/After) 
PRtaxi - 32.0000/36.2500 - - 
Mode share  0.3300/0.3392 0.0900/0.0708 0.3200/0.3292 0.2600/0.2608 
Generalized  travel cost per capita for one trip 5.8591/5.8591 8.1705/8.3775 7.5759/7.5759 7.7801/7.7801 
The weighted GTC per capita for one trip 7.1159/7.1038 
4.3. Case3: Bus priority policy 
As explained by Eq. (7a), the in-vehicle time of bus trip is reduced here. The reasonable share of bus trip should 
be less than 0.4237 (Yang et al., 2010).  
railbus
T
bustaxicar PPPPMinZ uuuuu 7801.7)]1000.62(0513.03902.4[1705.88591.5 G   (7a) 
S.t. 
                                
( ) ( )1 2[ ]
1 1
PR PRbus railG Q Pbus
P [ [O P P
u  ! u u u               (7b) 
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where, TbusG is devoted to adjustment of bus in-vehicle time, G is subsidies for bus transport system, Q is the total 
annual average trips, and μ is the percentage of passenger volume of bus and rail modes. ξ1 and ξ2 are operation 
costs per capita of bus and rail systems, and λ is the calibration parameter.  
Fig. 5 indicates the convergent trend of GA method and the best fitness value is around 6.9907. It is found that 
the optimal weighted GTC is 6.9907 with the in-vehicle time of 49.6246 minutes, as implied in Table 4.  
 
(a)                                                                                        (b) 
Fig. 5. (a) Best value and mean value of fitness; (b) Average distance between individuals 
 
          Table 4. Comparison of the current situation and results for optimizing the bus in-vehicle time 
Transportation Mode  Car 
(Before/After) 
Taxi 
(Before/After) 
Bus 
(Before/After) 
Rail 
(Before/After) 
Tbus - - 62.1000/49.6246 - 
Mode share  0.3300/ 0.2374 0.0900/ 0.0556 0.3200/ 0.4206 0.2600/ 0.2864 
Generalized  travel cost per capita for one trip 5.8591/ 5.8591 8.1705/ 8.1705 7.5759/ 6.9359 7.7801/7.7801 
The weighted GTC per capita for one trip 7.1159/6.9907 
4.4. Case 4: The rail transfer and waiting time optimization 
The rail transfer and waiting time is optimized here, as interpreted by Eq. (8a). The rail transfer time is assumed 
to be less than 3.0000 minutes, and waiting time is assumed to be equal to half the transit maximum headway of 
5.0000 minutes during the peak-hour (Inturri and Ignaccolo, 2011).  
 rail
Tr
railbustaxicar PPPPMinZ uuuuu )]0000.8(0995.09841.6[5759.71705.88591.5 G    (8a) 
S.t.     
                                                   1 18.0000 3.0000
2 2
Trh hrailGd  d                        (8b) 
where, TrrailG is devoted to adjustment of rail transfer and waiting time, and h is the headway of trains.  
The convergent trend of GA method is convergent in Fig. 6 and the best fitness value is around 7.0654.  And 
Table 5 shows the results. The optimal weighted GTC of this case is better than the ones of case 1 and case 2. 
However, the policy for shortening rail transfer and waiting time is less beneficial than the bus priority policy. 
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(a)                                                                             (b) 
Fig. 6. (a) Best value and mean value of fitness; (b) Average distance between individuals 
 
          Table 5. Comparison of the current situation and results for optimizing the rail transfer and waiting time 
Transportation Mode  Car 
(Before/After) 
Taxi 
(Before/After) 
Bus 
(Before/After) 
Rail 
(Before/After) 
Trrail - - - 8.0000/2.9882 
Mode share  0.3300/ 0.2667 0.0900/ 0.0794 0.3200/ 0.3150 0.2600/ 0.3389 
Generalized  travel cost per capita for one trip 5.8591/ 5.8591 8.1705/ 8.1705 7.5759/ 7.5759 7.7801/ 7.2814 
The weighted GTC per capita for one trip 7.1159/7.0654 
5. Conclusions  
This research proposes an optimization model to analyze the weighted GTC per capita for one trip. Four travel 
modes, i.e. car, taxi, bus and rail, are considered. Furthermore, the phase estimation methods with the N-R algorithm 
and the GA are used to solve the proposed model. It is found that in comparison to the current situation, changing 
the travellers’ GTCs for different travel modes can optimize the weighted GTC per capita for one trip and rationalize 
the trip ratios of different travel modes. It is suggested that bus priority policies to reduce the bus in-vehicle time 
provide the best weighted GTC per capita for one trip. Rail transfer and waiting time reduction is more beneficial 
than increasing parking charge or taxi fare. It is true that the research discusses four kinds of policies in isolation, 
and in the future, we can be extended by introducing other policy packages which combine different policies.  
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